A quantum particle strongly interacting with a nearby metallic particle is a fundamental system in nanoplasmonics. The dielectric function of the quantum system can manifest rich quantum nonlinear optics phenomena when the spatial dependence of the vectorial nature of the probing laser field and the dipole moment are considered. We find that the quantum system can exhibit giant gain and giant absorption when the dipole moment orientation and the direction, polarization, and relative phase of the probe field components are properly tuned, especially in the near-field regime. This can be explained as due to the strong interactions between the quantum system and the metallic particle in the near-field regime at surface plasmon resonance. Interestingly, these giant features can be suppressed by a large probe Rabi frequency. The study enables remarkable coherent control of optical properties in quantum nanoplasmonics, useful for enhancing absorption in solar cells and light amplification for lasing and sensing.
INTRODUCTION
The plasmonic effect or surface plasmon resonance can be found in historical artifacts. Gold nanoparticles with various shapes and sizes give rise to different colors. Potential applications as chemical sensors and compact optical chips have attracted many researchers to this topic. There has been growing research interest in the study of quantum dot-metallic nanoparticle systems. Metallic nanoparticles can act as nanoantennas, nanoamplifiers, and pulse controllers for quantum dots [1, 2] . Metallic nanoparticles can also enhance or suppress the optical emission in semiconductor-metal nanoparticle assemblies [3] . Enhancement of the fluorescence emission rate of nanocrystals [4] and field localization through nanofocusing [5] and plasmonic nanoantennas in laser diodes [1] have been reported.
Metallic nanoparticles generate quantized plasmons in the presence of electromagnetic radiation. This leads to nanoplasmonic effects such as enhanced local field intensity outside the metallic surface and surface modes with large and discrete wave vectors. A nearby MP can affect the quantum optical properties of the quantum system (QS) composed of atoms, molecules, or quantum dots, e.g., a Fano dip [6] [7] [8] . It has been shown that quantum coherence can substantially modify the optical properties [9] , particularly the dielectric function of the hybrid QS-MP system-fundamental system in quantum nanoplasmonics [10, 11] . Previous studies include effects of strong coupling of the metallic nanoparticle on the transient populations and coherence [12] , Fano resonance [6] [7] [8] , the effect of spontaneous emission spectra [13] , and the enhancement of resonance fluorescence [14] . Also, more complex systems have been explored such as a particle with core-shell geometry [15] and two quantum dots with one MP using a fully quantum model [16] . Most of the earlier studies only use scalar field theory. Those studies that use vector theory do not study the effects of field polarization on the dielectric function.
In this work, we consider a quantum system strongly coupled to a nearby MP driven by a control and probe lasers. We rigorously analyze the effect of the vectorial nature of the probe electric field and dipole orientation on the response function of the quantum system. More precisely, we analyze the effects of the dipole orientation relative to the interparticle axis and polarization of the probing field on the dielectric function of the QS. We also study the variations of the dielectric function of the QS with the components of these vectors in the presence of surface plasmon resonance (SPR). The mutual interaction between the QS and the MP together with the strong control laser field lead to quantum coherence [9] , which has remarkable effects on the profile of the dielectric function. We show that in the near-field regime (kR < 1) and when the dipole moment of the QS is oriented along the x axis (y axis or z axis) giant loss (giant gain), controllable by the probe field polarization, can be achieved.
In the next section, we derive the equations governing the dielectric behavior of the coupled systems. In Section 3, we discuss the analytic and numeric results. The physical insights for the effects of the giant absorption and gain are explained. In Section 4, we summarize our main results.
COUPLED EQUATIONS WITH VECTORIAL FIELDS
The internal states of the QS can be described by a three-level Λ system, as shown in Fig. 1 . The transition between jai to jbi is coupled to the probe field, while the transition between jai and jci is coupled to the external control laser field. The Hamiltonian of the QS in the rotating wave approximation is given bŷ
where H 0 P ia;b;c ℏω i jiihij is the free energy of the QS with ω i being the frequency of the ith energy level. Here we make the usual assumption that the sizes of the QS and MP are much smaller than an optical wavelength and the interparticle separation such that the dipole approximation is valid. The Rabi frequencies of the local probe field E Q and control field E c are Ω b d ab · E Q ∕ℏ and Ω c d ac · E c ∕ℏ, respectively. We emphasize that the electric field experienced by the QS is the effective electric field, which includes both the applied probe field (E) and the electric field emitted by the MP dipole. The transition dipole moment vector corresponding to the transition jai to jbi is d ab P x ; P y ; P z . Since the size of the quantum system is in nanometers, the retardation effect is less than femtoseconds and may be neglected.
The incident probe field can be generally written as
where θ, α give the polarization direction, and α and ϕ determine the ellipticity of the polarization, as illustrated in Fig. 1 .
In the following, we exploit the internal energy states of the QS to study giant gain or loss. Note that the fact that the internal states of the QS have Λ energy-level configurations permits electromagnetic induced transparency (EIT). The transition from level jbi to level jai can interfere destructively in the presence of the control field, creating an optical transparency window and preventing absorption. The EIT properties can be studied using the master equation formalism, where the evolution of the density operator of the three-level Λ system is given by
where we have introduced the dissipation through spontaneous emission of each level with a rate γ i and
. Assumptions and approximations. In practice, the QS may be of nanometer dimension like a quantum dot or nanoparticle [consists of a large (macroscopic) number of homogeneously distributed ensembles of identical atoms or molecules] having Λ energy level configuration (assuming negligible mutual interactions). The macroscopic polarization of such a system is given by P P j d j;ab ρ j;ba δr − r j , which can be expressed in terms of the number density N as P d ab ρ ba P j δr − r j ≈ N d ab ρ ba , where ρ ba is the density matrix element of the QS that carries the polarization effect. This implies that the external (laser) field should be uniform across the QS and MP such that the polarization term ρ ba is spatially invariant and thus the variation of the macroscopic polarization P is only determined by the dipolar response, d ab . In other words, the laser field inside the QS and MP are essentially unchanged across the particles due to its high intensity (negligible depletion) and also due to their sizes being much smaller than a wavelength. Note that coherent phenomena will appear because the constituents of the QS are identical and are subjected to identical conditions.
We further assume that the sizes of the QS and MP are finite and have well-defined dielectric functions; however, their sizes are much smaller than an optical wavelength such that the dipole approximation is valid. Moreover, the sizes are not too large, so we can ignore the spatial inhomogeneity of the local field due to the lensing effect of the spherical QS in the presence of a nearby MP. Similarly, we assume the polarization of the MP to be homogeneous. Hence, the expression of the Fig. 1 . Configuration of a QS coupled to a MP probed by laser fields E c and E. The internal states of the QS are represented by a three levels in the Λ configuration, where the control laser is coupled to the jai → jci transition while the probe laser is coupled to the jai → jbi transition. The two particles are separated by interparticle distance R and have dielectric functions ϵ Q and ϵ M . The dielectric constant of the background material or environment is represented by ϵ b . We explore how the dielectric function of the QS ϵ Q is influenced by a strong coupling to the MP.
electric field E D created by a dipole emitter with dipole moment d at any distance R can be obtained from [17] 
where d ·n d x n x d y n y d z n z withn along the line connecting the dipole to the observation point, ϵ eff is the effective dielectric function, and ϵ 0 is the permittivity in free space. The second term is associated with the longitudinal field component with the component along the direction of photon exchange between the QS and the MP, i.e.,n. When d ·n is finite or in the near-field regime where kR is comparable to 1 or smaller, the longitudinal component plays a role in addition to the transverse components. Actually, for larger particle size, the scattered field does not come from a single point source (and emitted to a single direction) but from a collection of points in the particle and this is described by an integral formula beyond the dipole approximation [18] . In the dipole approximation, the integral expression reduces to Eq. (4) where only one propagation directionn (from the center of the particle to the detection/observation point) plays a role. The dipole approximation requires that the interparticle distance be larger than the particle size. Thus, the interparticle distance cannot be too small. The smallest distance within the dipole approximation is taken care of by the 1∕R 3 term in the coefficients A and B. Our model does not apply for the very near field where quantum vacuum fluctuations modify the atomic decay rate (cavity QED effect) and introduce the Casimir effect.
The fields of both the QS (E Q ) and the MP (E M ) affect each other, leading to two coupled equations. The first is the equation for the electric field at QS, E Q : 0 
where
ωωiΓ m as the dielectric function of the background and the MP that includes the nonlocal effect in time, respectively, where we use parameters for silver ϵ ∞ 3.7, ℏω p 9.1 eV, and ℏΓ m 0.018 eV. Note that we neglect the spatial nonlocality [19] , assuming that the interaction distances are not so small.
We use p M j α M E M j with polarization α M and j x; y. The second is the electric field at MP due to dipole in QS: 
where ϵ 0 eff 2ϵ b ϵ Q ∕3ϵ b with ϵ Q being the dielectric function of the QS. The slowly varying envelope density matrix elementρ ab ω depends on the probe frequency ω and is evaluated at the steady state.ρ ab ω is computed by solving the density matrix equation at steady state.
Solving Eqs. (7) and (9), we obtain an exact expression for the local electric field at the QS: 0
It is worthwhile to mention that the local vector field E Q is coupled to the density matrix equations through the effective Rabi frequency Ω b d ab · E Q ∕ℏ and not Ω b0 d ab · E∕ℏ, as expected from the applied probe field. In the absence of the MP, E Q E. Therefore, the presence of the nearby MP substantially affects the coupling dynamics of the QS with the probe field.
So far, we have discussed how the electric field generated by the dipole of a nearby MP affects the electric field experienced by the QS. This was done by describing the electric field emitted by each system as that of a dipole. We next analyze the optical property of the QS by calculating the macroscopic polarization. As we mentioned earlier, the macroscopic polarization can be expressed in terms of the number density, dipole moment, and microscopic polarization:
which can be expressed in terms of the linear susceptibility χ x j and the dielectric function
where we have used the relation
Here, it appears that this relation does not allow a closedform solution to the tensor χ ij . In the following simple example, we show how to calculate a closed-form expression for the tensor. Consider a single-component field, say E xE x . In this case, the susceptibility has the form
where Ω b0 d ab · E∕ℏ. As we can see, the tensorial property does not affect the main emphasis in our results as the tensorial property arises from the dipole moment components only.
In the case when the probe field is much weaker than the control field, we have an EIT regime with the analytical expressioñ ρ ab r; t i ℏ X jx;y;z
where n ij ϱ ii − ϱ jj , Γ ca Γ ac γ c γ a ∕2, Γ cb iΔ m , and Γ ab γ c γ b ∕2 iΔ p . Hence, the analytical expression for the susceptibility tensor can be obtained as
Using Eq. (15), N P iρab f ϵ 0
Solving for the density matrix elementρ ab numerically in the usual nine coupled equations, with the probe
gives the effective dielectric function for the QS, i.e., ϵ Q ij ω 1 χ ij . For a single-component dipole moment (P x;y;z P o ), the dielectric function refers to ϵ Q ω 1 χ ii 1 f ωjP i j 2 . For
, all nine tensor components are equal, giving χ ij f ωjP o j 2 ∕3. These cases are plotted in the figures and discussed in the next section. It is important to note that Im ϵ Q ω>0 (<0) corresponds to absorption (gain). Significant change in the spectrum of the dielectric function as a result of the SPR effect for an interparticle distance of kR ∼ 1 has been found in [9] .
RESULTS AND DISCUSSION
The mutual interaction between the QS and the MP can be better understood using the vectorial nature of the electric fields and dipole moment. The formalism presented in the previous section allows us to study the effect of the probe laser propagation direction, polarization α, and phase ϕ on the dielectric function ϵ Q ω of the QS. The results will depend on the probe field direction because the presence of the MP has broken the spatial isotropy. Thus, the directions of the dipole moment and the electric field vectors have effects when measured relative to the QS-MP axis.
Note that the dielectric function ϵ Q does not depend on the phase of the probe field when the dipole moment corresponding to jai → jbi transition, d ab , has only one component, i.e., d ab xP x ;ŷP y ; andẑP z . The other special case is that when the dipole moment, d ab , is oriented along the z axis, d ab ẑP z , the dielectric function becomes insensitive to the direction of propagation, θ. These special cases will not be discussed further.
In the results presented below, we assume the control laser has a Rabi frequency Ω c 5Γ ac and impose the surface plasmon resonance condition ϵ M ω ω SP 2ϵ b ≃ 0. Imposing the SPR condition is known to give a large enhancement to the quantum coherenceρ ab [20] . To optimize the plasmonic effects on the EIT profile, we set ω ab ω SP .
A. Analytical Results
Since the orientation of the dipoles corresponding to the QS and the MP are along the x axis, i.e.,n −1; 0; 0 and n 0 1; 0; 0, the M and M 0 matrices are diagonal. The local electric field has a closed-form expression 0
where X α M ∕4πϵ 0 ϵ eff is a constant, C A B, and
Here the susceptibility χ ρ ab η∕Ω b0 with η N jd ab j 2 ∕ℏϵ 0 . It is easy to see that the x component of the local probe field E Qx depends only on the x component of the input probe field E x . However, Y may depend on θ, α, and ϕ. The same holds true for other components of the probe field. Note that χ is not simply N jd ab j 2 ip bb − p aa ∕ϵ 0 ℏγ ab − iΔ ab (the expression for the weak probe field is independent of the electric field E and the laser parameters) as in the case without the MP, where p xx (x a; b) is the population, γ ab is the decoherence, and Δ ab is the detuning for a − b transition. The nonlinear dependency on A and B is significant at the near field since A B −2ikR − 1∕R 3 → 2∕R 3 is large at small R. For specific cases where the dipole moment has only either the x or the y component, we clearly see the dependency on α and θ (but independent of ϕ ) through Ω b P x E Q x ∕ℏ and Ω b P y E Q y ∕ℏ, respectively. However, when the dipole moment is oriented along z, we find that Ω b ∕Ω b0 ;ρ ab ∕Ω b0 and hence χ and ϵ Q are independent of ϕ, although Ω b0 P z Eβe iϕ depends on ϕ. Sinceρ ab ∕Ω b0 does not depend on ϕ here,ρ ab must be proportional to e iϕ . Note that from Eqs. (20) and (21), the expressions Y and E Q z and thus Ω b P z E Q z ∕ℏ are also proportional to e iϕ .
B. Numerical Results
We solve the density matrix equation along with the expression for the probe electric field using the numerical procedure similar to the one in [9] . All the 9 density matrix elements in Eq. (3) and the quantum expression for the local field Eq. (11) are solved self-consistently using the CrankNicolson method. With the initial condition for each of the elements set, we compute the matrix elements until the desired time is reached, which is taken to be t ≃ 15∕γ ac . In each iteration, the elements are replaced with the results obtained from the previous iteration. The quantity of interest here is the quasi-steady-state coherenceρ ab needed for the evaluation of the dielectric function ϵ Q ij ω 1 We analyze the dielectric function of the QS by varying the direction, polarization, and phase of the probe field and the orientation of its dipole moment. In all the figures, we use P o jd ab j 2 × 10 −29 Cm, Γ 10 9 s −1 , N 10 23 m −3 , and Ω p 5Γ ac 5Γ. Figure 2 shows the dielectric function ϵ Q versus interparticle distance R by varying the direction of the dipole moment. For R∕λ below 0.05, the peaks in the imaginary part of ϵ Q vanish.
, maximum absorption occurs around R∕λ ≃ 0.1, which falls off gradually with R; see Fig. 2 (a). When P x P o , the maximum occurs at a larger value of R∕λ ≃ 0.15. This difference can be explained by the magnitude of the Rabi frequency Ω b0 . For the laser parameters used in Fig. 2 , E Esin π∕3; cos π∕3; 1∕ ffiffi ffi 2 p . The Rabi frequency in Fig. 2(a) ,
, is larger than the Rabi frequency Ω b0 Fig. 2(b) by 1 1 ffiffi 3 p 1.58 times.
As we shall see in the analysis below with reference to Fig. 1 , the larger value of Ω b0 in Fig. 2(a) suppresses the effects of the MP interaction. This reduces the amplitude of the absorption peaks and thus decreases the value of R at which the maxima of the peaks occur. This interparticle separation determines the transition point to strong coupling with the MP and long-range interaction due to the SPR effect [9] . For the electric field direction fixed (see above), changing the direction of the dipole moment from along the y axis [see Fig. 2(c) ] to along the z axis [see Fig. 2(d) ], the Rabi frequency Ω b0 changes from
. As a result, the gain peaks in Fig. 2(c) are almost twice larger than the peaks in Fig. 2(d) .
Note that for P y P o and P z P o , there are large gain peaks at R∕λ ≃ 0.1 but fall off rapidly with increasing R. The corresponding dimensionless separation kR 2πR∕λ 0.63< 1 might seem away from the near field. However, it has been found in [9] that there is still a long-range interaction effect due to surface plasmon resonance of the MP. We note that in practice, nanoparticles as small as 2 nm have been synthesized. Therefore, the results in Fig. 2 are justified down to the lower limit of R∕λ 0.01, which corresponds to 3 nm separation for λ 300 nm.
Vectorial effects. The vectorial nature of the electric fields and the dipole moment is central to this work. Here, we illustrate vectorial effects on the response function of the QS, specifically the dielectric function. To better illustrate this, we consider specific examples, where the dipole moment of the QS is oriented along the x, y, or z axis and assume that R∕λ 0.1. The properties of the dielectric function corresponding to these orientations of the dipole moment are shown in Figs. 3, 4 , and 5, respectively. Fig. 2 . Real and imaginary parts of the spectrum of the dielectric function ϵ Q versus the interparticle distance R for different orientations of the dipole moment: (a)
Other parameters are P o jd ab j 2 × 10 −29 Cm, Γ 10 9 s −1 , N 10 23 m −3 , and Ω p 5Γ ac 5Γ. Fig. 3 . Spectrum of the dielectric function when the dipole moment is oriented along the x axis, P x P o . In this case, the dielectric function does not depend on the probe laser phase ϕ. (a) Real and imaginary parts of the dielectric function versus the polarization of the probe laser α for θ π∕3. (b) Real and imaginary parts of the dielectric function versus the direction of the probe laser θ for α ffiffi ffi 2 p ∕2. All other parameters are the same as in Fig. 2 .
Notice that the giant gain and giant absorption peaks seen in Figs. 3-5 are much larger than that of Fig. 6 , where the dipole moment components are present. The dielectric function ϵ Q ω shows very large positive (absorption) peaks across the two resonances of EIT and very large negative (gain or amplification) peaks with strong dependencies on the probe laser polarization α and direction θ but not on the phase ϕ.
When the dipole moment d ab xP 0 , two very large absorption peaks are clearly seen. The maximum peak occurs at α → 0, which corresponds to the dominant field component E z [ Fig. 3(a) ], and other peak occurs when θ → 0, which correspond to the finite field components E y and E z [ Fig. 3(b) ]. The usual EIT peak amplitude, without the MP, is ∼30 times less. Thus, the underlying mechanism cannot be explained by the EIT effect alone. The giant gain or absorption must therefore incorporate the strong nonlinear optical effect due to the QS-MP coupling. Here, the dipole is oriented along the x axis joining the two particles, while the x component applied probe field (E x ) parallel to the dipole moment is small but not zero. This implies that Ω b d ab · E Q ∕ℏ ≠ 0. However, when the probe electric field polarization parameter α 1 [ Fig. 3(a) ], both E E x ; E y ; 0 and E Q have only x and y components. The x component of the effective probe field at the QS is
is enhanced by more than factor of 17, leading to the reduction of the amplitude of the absorption peaks. An important observation is that the nonlinear effect is quenched by the larger local field or larger Ω b . A similar situation arises when θ 90°[ Fig. 3(b) ], but both E and E Q have only x and z components with E Qx enhanced by more than a factor of 17.
When the dipole moment is oriented along the y axis (d ab ŷP 0 ), there two giant gain peaks appear instead at α → 0 with field E z [ Fig. 4(a) ] and at θ 90°with finite field components E x ; 0; E z and [ Fig. 4(b) ] where E Qx is enhanced more than 17 times. The amplitude of the gain peaks are decreased to minimum when α 1 or θ 0°.
For the dipole moment oriented along the z axis [ Fig. 5 ], d ab ẑP z , the two gain peaks are maximum when α ≃ 1, corresponding to finite field components E x ; E y . The gain is maximally suppressed when α 0, corresponding to a maximum z component field. Here, ϵ Q ω is found to be independent of both θ and ϕ.
C. Physical Insights
From the above three cases of single-component dipole moments, we conclude that the giant absorption or gain peaks occur when the local field component along the dipole or the effective probe field Rabi frequency Ω b is small. This is clearly illustrated by the 3D electric field components (blue dots and arrows) in Fig. 7 . We emphasize that even when Ω b is minimum, but not zero, the dielectric function does not reflect the case of isolated QS. The enhanced absorption and gain peaks are not EIT phenomena but are due to the strong nonlinear coupling to the MP. On the other hand, the suppression of the absorption and gain peaks is most significant when the components of the fields along the dipole or the effective probe field Rabi frequency Ω b are maximum. Thus, the strong effective probe field Ω b quenches the effects of the nonlinear coupling.
When the dipole moment is along the interparticle axis (i.e., d ab xP x ), the QS displays two absorption peaks that are most lossy. This is because Ω b is minimum while the electric field is mostly perpendicular to the dipole and therefore cannot effectively couple to the dipole. However, when the dipole is perpendicular to the interparticle axis (d ab ŷP y orẑP z ), its oscillations can exchange and amplify the field with the MP by forming a "quasi-resonant cavity" for the field emission along the x direction, thereby producing gain. The Fig. 4 . Spectrum of the dielectric function when the dipole moment is oriented along the y axis, P y P o . In this case, the dielectric function does not depend on the probe laser phase ϕ. (a) Real and imaginary parts of the dielectric function versus the polarization of the probe laser α for θ π∕3. (b) Real and imaginary parts of the dielectric function versus the direction of the probe laser θ for α ffiffi ffi 2 p ∕2. All other parameters are the same as in Fig. 2 . Fig. 5 . Real and imaginary parts of the dielectric function versus polarization of the probe field α when the dipole moment is oriented along the z axis, P z P o . In this case, the dielectric function does not depend on ϕ and θ. All other parameters are the same as in Fig. 2. phenomenon seen here is not simply due to the phase of the probe field but rather as a result of the interplay between quantum coherence and strong coupling to the MP that leads to the second term of Eq. (11) .
With only one dipole component, the dielectric function does not depend on ϕ, the relative phase between the field on the x-y plane and the z component field. However, when all dipole components are present, as in Fig. 6 , the ϕ dependence shows up. As seen in Fig. 6(b) , at ϕ ≃ 180°, the spectra of ϵ Q ω show maximum twin absorption peaks. Interestingly, at ϕ ≃ 170°, there is a simultaneous presence of twin absorption peaks and twin gain peaks. Figures 6(a) and 6(c) show that large absorption happens at α ≃ 1 and θ ≃ 90°, corresponding to the finite field components (E x ; E y ) and (E x ; E z ), respectively. As the values of α and θ decrease, the large absorption transforms into large gain when α ≃ 0 and θ ≃ 0°, corresponding to the finite field components (E z ) and (E y ; E z ), respectively.
The results presented thus far assume R∕λ ≤ 0.1. If this ratio is slightly increased to 0.2, i.e., kR ≥ 1, the dielectric function does not depend on α, ϕ, and θ, especially for cases d ab ŷP y andẑP z . In addition, there are no gain peaks; there are only absorption peaks. This shows that the near-field effect between the quantum and MPs is behind the coherent effect [21] that enhances the nonlinear coupling and creates gain in the presence of SPR. From the above analysis, each field component cannot be associated with either the giant absorption or the giant gain feature. Only for the case of α 0, corresponding to finite E z ≠ 0, we always have a gain.
CONCLUSION
We have found that the optical response, gain, and absorption of a simple quantum system coupled to a plasmonic metallic particle that can be controlled by the vector fields of the probing laser, particularly, the direction (θ), the polarization, the ellipticity (α), and the relative phase of field components (ϕ). This is another phenomenon involving polarization with quantum coherence, like the Hanle effect [22] , which illustrates the effect of magnetic (Zeeman) splitting on polarized light. One may think that the optical properties should not depend on the properties of the laser probe, at least in the linear regime. However, these effects are actually nonlinear as the result of the proximity of the MP. In our analysis, the nonlinear effects are included to all orders (within the three-level scheme) by exactly solving the density matrix equations. We have computed the effective dielectric function that includes the nonlinear contribution from the strong coupling between the quantum system and the plasmonic metallic particle. Our results show interesting tunable giant absorption and giant gain due to strong near-field coupling of the quantum system to the plasmonic metallic particle and the surface plasmon resonance condition is met. We have explained the physical origins for the giant absorption, the giant gain, and the suppression of absorption/gain peaks. This work may provide useful potential applications. For example, the giant absorption effect can improve the efficiency of solar cells [23, 24] , while the high gain effect is useful for developing nanoplasmonic lasers [25] . 
